Rationale: Human atherosclerotic plaques contain large numbers of cells deprived of O 2 . In murine atherosclerosis, because the plaques are small, it is controversial whether hypoxia can occur.
A therosclerosis is the major cause of cardiovascular disease, 1 which in turn is the leading cause of mortality worldwide. 2 Although a large body of research has shed insight into the biochemical and cellular mechanisms of atherosclerosis, further study of the processes that lead to the progression of arterial plaques is needed, especially for the development of future therapies. Atherosclerotic plaques in both humans and large animal models contain highly metabolically active cells whose distances from a blood supply exceed the 100 -200-m diffusion limit for oxygen, 34 yet an incompletely explored area is the specific role of hypoxia in plaque biology and atherogenesis. That increased investigation of this area is clinically relevant and important is strongly suggested by the findings that people with hypoxia induced by obstructive sleep apnea have increased narrowing of their coronary arteries 5 and increased risk of cardiovascular dis-ease. 6 In addition, chronic intermittent hypoxia in mice increased atherosclerosis. 7 Hypoxic cells activate a number of pathways that affect cell signaling and gene regulation (for a recent review, see Reference 8) . 8 One of the best described mechanisms by which hypoxic cells adapt to their hostile environment is through the activation of the hypoxia-inducible transcription factors, HIF-1 and HIF-2, which avoid degradation by the proteasome under hypoxic conditions. 9 HIF-1 is a heterodimeric transcription factor consisting of an inducible ␣ unit and a constitutively expressed ␤ subunit. These transcription factors have been best studied in tumors, which are often hypoxic. For example, in mouse models of cancer, tumor hypoxia leads to a number of changes also relevant to atherosclerosis, such as increased angiogenesis, anaerobic metabolism, and monocyte recruitment. 10 -13 HIF-1 is also known to regulate additional genes relevant to atherosclerosis, including ones regulating glucose metabolism, apoptosis, nitric oxide metabolism, 14 the inflammatory response, 15 and intracellular reductionoxidation (redox) homeostasis. 16, 17 HIF-1␣ mRNA has been found to be expressed in both human and rabbit atherosclerotic plaques, 4, 18 and HIF-1␣ in the arterial wall may be stabilized under normoxic conditions by oxidized low-density lipoprotein (LDL), 19 inflammation, 20 and mechanical factors, 21 such as cyclic strain at arterial branch points. 22 In humans HIF-1␣ expression was not only observed in carotid and femoral endarterectomy specimens, but HIF-1␣ was associated with large extracellular lipid core and macrophages. 23 Although a deeper understanding of the mechanisms underlying atherosclerosis has come from the study of mouse models, because of the small size of murine plaques, it is controversial whether they contain significant areas of cells sufficiently distant from a blood supply to become hypoxic. The evidence that intermittently hypoxic mice have accelerated atherosclerosis is not adequate to address this issue, because it has been shown that these mice exhibit a worsening of their plasma lipoprotein profile (eg, Reference 24), 24 ) which would be expected to be proatherogenic independent of the effects of hypoxia on cells in the plaques. In the present report, we provide the first direct evidence of the stabilization of HIF-1␣ protein and activation of HIF-1 target genes in the plaques of apolipoprotein E-deficient (apoEϪ/Ϫ) mice. Furthermore, studies of both a cell culture murine macrophage model (J774) and primary bone marrow-derived macrophages (BMDM) demonstrate potent effects of hypoxia on lipid metabolism, including increased sterol content, decreased ATP binding cassette subfamily A member 1 (ABCA1)-mediated cholesterol efflux, and impaired sterol esterification, all of which are considered to be atherogenic in plaque macrophages. Hypoxia-like changes in lipid metabolism were observed in cultured macrophages when HIF-1␣ was over expressed under normoxic conditions, and were reversed in hypoxic macrophages with HIF-1␣ knockdown, thereby directly linking HIF-1-␣ to the lipid changes. These results not only argue for the presence of hypoxia in murine atherosclerotic plaques but also suggest one molecular mechanism by which hypoxia may be atherogenic is through the effects of HIF-1␣ on macrophage lipid metabolism.
Methods
For a detailed description, see the Online Methods in Supplement Material available at http://circres.ahajournals.org.
All mouse experiments were approved by the NYU School of Medicine Institutional Animal Care Committee. J774 macrophages were cultured in 1g/L glucose ("normal glucose") or 4.5 g/L ("high glucose") containing DMEM. BMDM were prepared from apoEϪ/Ϫ mice. Hypoxic incubations were carried out at 37°C in a Plas-Labs chamber maintained at 1% oxygen.
Results

HIF-1␣ and Its Target Genes Are Expressed in Mouse Aortic Atherosclerotic Plaques
To determine if areas of significantly hypoxic cells exist in mouse aortic plaques we performed immunohistochemical staining for HIF-1␣ and 2 of its well-known transcriptional targets, Glucose transporter-1 (Glut-1) and vascular endothelial growth factor (VEGF), using tissue sections obtained from apoEϪ/Ϫ mice fed Western diet for 16 weeks ( Figure  1 ). We noted HIF-1␣ and its targets were prominently expressed in the central region of these plaques ( Figure 1A) , the area maximally distant from the blood supplies in the arterial lumen and adventitia.
To further characterize the plaque cells expressing HIF-1␣, we performed double immunostaining experiments for it and the macrophage marker cluster of differentiation 68 (CD68) ( Figure 1B through 1D). The images ( Figure 1B and 1C) revealed significant colocalization of CD68ϩ macrophages and HIF-1␣, primarily in the central region of the plaque. In contrast, in apoEϪ/Ϫ mice there was no detectable staining for HIF-1␣ in either a non-diseased segment of the ascending aortic arch ( Figure 1D is a representative section) or in a nondiseased portion of the lesser curvature of the aortic arch (data not shown).
Effects of Hypoxia on Macrophage Lipid Content In Vitro
We next examined the effects of hypoxia on macrophage lipid metabolism. We used J774 cells, a murine macrophage cell line, and a standard in vitro model in atherosclerosis research. The cells were incubated in serum-containing medium at a level of oxygen of 1%, which has been previously demonstrated in intraplaque regions of other species. 4 Elevated glucose levels have been shown to blunt HIF-1␣ upregulation and transactivation, perhaps due to reactive oxygen species-induced HIF-1␣ modification. 25, 26 Because hyperglycemia also accelerates foam cell formation independent of lipid levels, 27 we decided to examine the interaction between hypoxia and glucose levels. Therefore, 2 different glucose concentrations were used for initial experiments: one physiological (5.5 mmol/L glucose, simulating serum glucose of Ϸ100 mg/dL, "normal"). This was similar to the average plasma level of glucose (114 mg/dL) of the type of mice used for the tissue studies; and one simulating hyperglycemic conditions (25 mmol/L, equivalent to a serum glucose of Ϸ450 mg/dL). In normal glucose conditions, macrophages incubated in 1% oxygen showed an increased triglyceride content (Ϸ220% increased content relative to normoxic cells, PϽ0.01; Figure 2A ). The effect was lower, but still statistically significant (PϽ0.05), under hyperglycemic conditions, with a 51% increase in triglyceride content in hypoxic macrophages (Figure 2A ). This dampening may be related to the aforementioned inhibitory effects of high glucose concentrations on the hypoxic accumulation of HIF-1␣, 25, 26, 28 which we also noted by immunofluorescence (Online Figure I) . The changes in triglyceride metabolism were also obtained by treating J774 macrophages with the hypoxia-mimetic CoCl 2 29 in both glucose conditions (Online Figure II , A, and II, B).
Non-standard Abbreviations and Acronyms
Besides triglycerides, we were interested in the effects of hypoxia on sterol metabolism. In J774 cells the terminal sterol produced is desmosterol, not cholesterol, but the regulation of its synthesis and of sterol response element mediated genes (such as 3-hydroxy-3-methyl-glutaryl-CoA [HMGCoA] reductase) is the same as for cholesterol. 30 In addition, desmosterol is an efficient substrate for sterol esterification, 31 and it is effluxed to apoA-1 and high-density lipoprotein (HDL). 32 Though J774 cells do not synthesize cholesterol, in serum-containing medium the majority (85%) of their sterol mass is cholesterol, which slowly declines over 10 days in serum free medium to 20% of the cellular sterol pool. 30 In addition to the dramatic increase in triglycerides in hypoxic macrophages, we also noted under normoglycemic conditions a highly significant (PϽ0.001) 50% increase in total cellular sterol (defined in this report as desmosterol plus cholesterol 30 ) under normal glucose, the majority in the free form ( Figure 2B , left graph, and Figure 2C ). There was only a nonsignificant 14% increase in total cellular sterol in macrophages incubated in 1% O 2 and the hyperglycemic condition (relative to macrophages incubated in the normoxic hyperglycemic condition; Figure 2B , right graph). These findings were replicated in cells incubated in normal and high glucose conditions that were treated with CoCl 2 (Online Figure II , C, and II, D). Given the blunting effects produced by hyperglycemia, the remaining experiments were conducted in only the normoglycemic condition.
Because the majority of the sterol accumulation was in the free form ( Figure 2C ), we wanted to determine whether free or esterified cholesterol would accumulate when a large amount of exogenously supplied cholesterol was provided to hypoxic macrophages, which simulates the chronic exposure of plaque cells to high levels of atherogenic lipoproteins. J774 macrophages under normoxia or hypoxia were loaded with cyclodextrin-cholesterol (in serum-free medium) and the levels of free and esterified sterol were determined. As shown in Figure 2D , there was a Ϸ2.5-fold (PϽ0.001) increase in total and free sterol (predominately derived from the exogenous cholesterol) in macrophages rendered hypoxic compared with cholesterol-loaded normoxic cells. We also observed that in both hypoxic and normoxic conditions, the percentages of total sterol in the free form (Ϸ86% to 87%) were similar.
Effects of Hypoxia on Sterol Synthesis
Given the results above, we next explored the impact of hypoxia on cellular sterol synthesis. As noted above, J774 cells synthesize desmosterol, not cholesterol. 30 This results from deficiency of sterol-delta24-reductase, which converts desmosterol to cholesterol, but importantly, the upstream regulation of the synthesis of both sterols is the same.
Desmosterol synthesis assays using H 3 -acetate 33 were performed in both serum-free conditions and with serum. As Figure 1 . HIF-1␣ and its target genes are expressed in mouse atherosclerotic plaques. ApoEϪ/ Ϫmice were fed the Western diet for 16 weeks. Aortic roots and arches were harvested and frozen sections were prepared. A, Differential immunohistochemical staining for HIF-1 (plaque and healthy vasculature) and 2 of its well known downstream targets, Glut-1 and VEGF. Staining intensity begins at approximately 100 m from the vessel lumen. B and C, To examine macrophages in hypoxic areas, we performed double immunofluoresence studies using antibodies to HIF-1␣ (green) and CD68, a macrophage marker (red). Nuclei were stained with DAPI (blue). Two separate examples are shown, with typical results for the individual antibodies in the small images in B. D, Double immunofluoresence experiments were also performed on a non-diseased area of the aortic arch. No detectable signals were detected except for DAPI. Arrows highlight areas with representative staining.
shown in Figure 3A , in serum-free conditions desmosterol synthesis was Ϸ6ϫ greater in hypoxic J774 macrophages. Similar results were obtained using CoCl 2 under serum-free conditions (Online Figure III) . Under serum-containing conditions, perhaps more physiologically relevant, desmosterol synthesis significantly increased by approximately 50% in the hypoxic J774 macrophages ( Figure 3A ). The less dramatic increase was most likely related to inhibition of HMGCoA reductase activity by the cholesterol in the serum.
Overall, then, under both serum-free and serum-containing conditions, hypoxia stimulated sterol synthesis. To test whether this was from effects on HMGCoA reductase, we first performed synthesis assays in serum free medium under normoxic and hypoxic-mimicking (CoCl 2 ) conditions in the presence of a statin, which directly inhibits the enzyme. There were Ϸ80% reductions in desmosterol synthesis under both normoxic and hypoxic conditions, consistent with a requirement of HMGCoA reductase activity for the effects of hypoxia on sterol synthesis (Online Figure III) . Next, we determined the effects of hypoxia on HMGCoA reductase mRNA abundance. An effect would be consistent with the sequence analysis of the promoter, which revealed 3 HIF-1 binding sites (at Ϫ6139, Ϫ5665, and Ϫ4769 bp preceding the ATG start site). Quantitative RT-PCR analysis of RNA isolated from J774 macrophages incubated in the serum-containing, hypoxic condition showed a statistically significant Ϸ2-fold (PϽ0.05) increase in HMG-CoA reductase mRNA relative to the corresponding results in normoxic cells ( Figure 3B ). There was also a comparable increase in HMGCoA reductase protein by Western blotting in hypoxic BMDM (data not shown).
Effects of Hypoxia on Cholesterol Efflux and ABCA1 Subcellular Localization
Although we found that hypoxic J774 macrophages had increased sterol synthesis ( Figure 3A ), they also had greater sterol accumulation after exposure to high levels of exogenous cholesterol ( Figure 2D ). This suggested that there was impaired cholesterol efflux as a result of hypoxia. To examine this directly, we determined the efflux of radiolabeled cholesterol to the ABCA1-specific acceptor, apoA-1, or to the ATP-binding cassette subfamily G member 1 (ABCG-1) and SRB1 specific acceptor, HDL 3 . We noted a dramatic decrease (by Ϸ84%, PϽ0.01) of ABCA1-mediated cholesterol efflux from hypoxic J774 macrophages ( Figure 4A ). In contrast, there was a nonsignificant 26% decrease in ABCG-1 and SRB1-mediated cholesterol efflux ( Figure 4A ). We repeated these efflux experiments in RAW264 cells (another standard murine macrophage cell line) and found a 77% decrease in cholesterol efflux to apoA-1 during hypoxia (Online Figure  IV) , suggesting that the decreased efflux through the conditions in either normal or hyperglycemic medium containing 15% FBS (A through C) or serum free (D). Lipid assays were performed and shown are the effects of hypoxia on cellular levels of A, triglycerides; B, total sterol (desmosterolϩcholesterol); C, total and free sterol, all in noncholesterol-loaded cells. Note that the assays for total and free sterol are independently performed, so that minor assay variations may appear as small differences, such as those in the hypoxic cells; D, Same as C, but in cholesterol-loaded cells. The majority of total sterol is in the free form (Ϸ86 -87%) in both conditions, despite the massive increase in sterol content in hypoxia. All panels: These experiments were performed 3 times in triplicate. Statistical significance: *PϽ0.05, **PϽ0.01, and ***PϽ0.001. NS indicates nonsignificant.
ABCA1-mediated pathway was not macrophage cell linespecific. This was further confirmed in the BMDM experiments to be described below.
Given the magnitude of the effect of hypoxia on ABCA1mediated efflux and the previous report that ABCA1 accounts for the majority of transporter-mediated cholesterol efflux in cholesterol-enriched macrophages, 34 we explored the mechanism for the decrease. First, quantitative RT-PCR analyses of mRNA isolated from J774 macrophages incubated under hypoxic conditions for 24 hours or with CoCl 2 revealed no statistically significant changes in the level of ABCA1 mRNA compared with those in normoxic cells ( Figure 4B ). There was also no significant change in macrophage ABCA1 protein in hypoxic as compared with normoxic cells ( Figure 4C) .
Examination of the subcellular distribution of immunostained ABCA1 by laser-scanning confocal microscopy revealed, however, that the plasma membrane and widely dispersed cytoplasmic pools of ABCA1 seen in normoxic macrophages had an altered distribution in hypoxic cells, with ABCA1 in mainly a juxtanuclear location ( Figure 4D ). These results suggested impairment of the trafficking of ABCA1 to the plasma membrane of newly made protein or of plasma membrane ABCA1 through the endosomal compartment (which also has a juxtanuclear distribution). In either case, the lack of ABCA1 at the plasma membrane would be expected to decrease cholesterol efflux to apoA-1, consistent with our findings ( Figure 4A ). The redistribution of ABCA1 in hypoxic cells was confirmed in BMDM, as will be presented below.
HIF-1␣ Modulates Cellular Sterol Content and Cholesterol Efflux Directly
Though in hypoxic macrophages there were significant changes in sterol metabolism, suggesting a role for HIF-1␣, this does not directly establish it as a mediator of these metabolic changes. Thus, we performed experiments using J774 cells with modulated HIF-1␣ expression. First, effects on sterol content were assessed. In cells stably expressing a previously validated HIF-1␣ shRNA, 35 HIF-1␣ mRNA expression was reduced by Ϸ75% ( Figure 5A ), which was accompanied by reduced expression (Ϸ60%) of the HIF-1␣ target genes VEGF and Glut-1 ( Figure 5B and 5C ). In addition, the increase of HMGCoA mRNA seen in hypoxic cells ( Figure 3B ) was no longer significant (Online Figure V) . In hypoxic conditions, decreased HIF-1␣ expression led to lower cellular sterol levels compared with controls ( Figure  5D ). In fact, the level under hypoxia in the knockdown cells was comparable to the level in normoxic control cells ( Figure  5D ). In hypoxia, there was also a trend toward less triglyceride in the knockdown compared with control cells (Online Figure VI ). To study effects on sterol content of HIF-1␣ overexpression, J774 cells were transduced with a retrovirus expressing HIF-1␣ engineered to be stable in normoxic cells. 36 Notably, even in normoxia, the transduced cells had increased sterol content, which was further increased in hypoxia ( Figure 5D ). Triglyceride content also was also increased relative to control cells when HIF-1␣ was over expressed in normoxia and hypoxia (Online Figure VI) .
Next, we examined effects of varying HIF-1␣ expression on cholesterol efflux to apoA-1. As shown in Figure 5E , in hypoxia, cholesterol efflux in the knockdown cells was increased by 50% compared with controls. In addition, in hypoxia, HIF-1␣ over expression further reduced the impaired cholesterol efflux to Ϸ25% of that in control cells. Even in normoxia, over expression of HIF-1␣ affected cholesterol efflux, decreasing it by more than 30%.
Hypoxia Alters Lipid Metabolism in Primary Macrophages
To ensure that the pattern of results were properties of not just macrophage cell lines, we repeated several of the key experiments in primary macrophages (BMDM) from apoEϪ/Ϫ mice. As shown in Figure 6A , hypoxia led to a 28% increase in cholesterol content, while cholesterol loading of these cells resulted in a 65% increase in total cholesterol ( Figure 6B ). Additionally, CE content was significantly less ( Figure 6C ) under hypoxic conditions (8% versus 19%). There was also a significant increase in TG content under hypoxic conditions ( Figure 6D ). Cholesterol efflux to apoA-1 was decreased ( Figure  6E ) in hypoxic BMDM (by Ϸ50%). Finally, ABCA1 localization was altered in hypoxic cells, going from a diffuse distribution out to the plasma membrane to a more restricted one with enrichment in the juxtanuclear area ( Figure 6F ). Comparisons to the corresponding data from J774 and RAW macrophages show that the major results on lipid metabolism and ABCA1 function and distribution are independent of the type of murine macrophage (cell line versus primary) studied. 
Laser Capture Microdissection and Gene Expression Analysis of Murine Aortic Root Plaques: Relationships to Results In Vitro
To extend the physiological relevance of the cell culture data, we performed molecular analyses of cell samples lasercaptured from apoEϪ/Ϫ mouse atherosclerotic plaques. As noted above, the plasma glucose concentration of the mice used for these studies (Ϸ114 mg/dL) was similar to the normal glucose condition in vitro.
The differential immunohistochemical staining pattern shown in Figure 1 suggested that there were hypoxic areas in the plaques. To extend this finding, the RNA isolated from cells selected from the hypoxic (immunopositive for Glut-1 and VEGF) and nonhypoxic (the area between the endothelial layer and the hypoxic area) regions were subjected to quantitative RT-PCR analysis to determine differential gene expression patterns (Figure 7) . In addition, the expression of the genes measured in the mouse samples were compared with the corresponding results in normoxic and hypoxic J774 cells and BMDM.
As shown in Figure 7 , in hypoxic regions, there were significant increases in the gene expression of the classical HIF-1␣ targets Glut-1 and VEGF, in agreement with immunostaining ( Figure 1 and data not shown) . Also significantly increased in the hypoxic regions was the expression of C/EBP-homologous protein (CHOP), a hypoxia-inducible ER-stress marker. 37 There was also a trend of increased expression of HIF-1␣ and HMGCoA reductase. The gene expression of the cholesterol efflux factors, SR-BI, ABCA1, and ABCG1, were not significantly affected by hypoxia, though there was a trend of decreased ABCA1 mRNA. The pattern of gene expression data in the hypoxic plaque regions was similar to those in macrophages (J774 and BMDM) that were rendered hypoxic with 1% O 2 and in J774 cells treated with CoCl 2 (data not shown). There were some differences, however, as shown in Figure 7 . For example, HIF-1␣ mRNA was unchanged in cultured macrophages, though it tended to increase in hypoxic regions. Also, there was no trend toward lower ABCA1 gene expression in the hypoxic macrophages. These differences could have reflected variations between in vitro and in vivo states, or that not all of the laser-captured cells were macrophages (Figure 1 and Online Methods).
To gain more insight into the gene expression laser capture results for ABCA1, we also examined the pattern of ABCA1 immunostaining in plaques. As shown in Figure 8A , there was a gradient, with little protein found in the deeper region. Indeed, others have also shown decreased ABCA1 protein in deeper plaque regions. 38 In the in vitro observations, ABCA1 Figure 5 . HIF-1␣ plays a direct role in macrophage sterol metabolism. A through C, J774 cells were transfected to stably express HIF-1␣ shRNA or scrambled shRNA ("control") and were incubated under hypoxic conditions (1% O 2 ). Shown are the resulting levels of the indicated mRNA species; D, J774 cells were stably transfected either with control plasmid (pBabe-puro), scrambled shRNA ("control"), HIF-1␣ shRNA ("HIF knockdown"), or an HIF-1␣ expression plasmid ("HIF-1␣"), and desmosterolϩcholesterol ("total sterol") cellular content measured after incubation in normoxic (left) and hypoxic (right) conditions for 24 hours; E, J774 cells were treated as in D, but now cholesterol efflux to apoAI, which is the acceptor for ABCA-1, was measured. Experiments were done twice in duplicate (A through C) or quadruplicates (D and E); statistical significance is indicated as *PϽ0.05, **PϽ0.01. Data with plasmid (pBabe-puro) and scrambled shRNA samples were essentially the same and were combined as one control group. protein levels were not significantly altered by 24 hours of hypoxia (Figure 4 ). If the areas of decreased ABCA1 protein in the deeper areas of plaques reflected the consequences of prolonged hypoxia, we reasoned that subjecting the cells to longer periods of hypoxia would produce a similar result. Macrophages were incubated under normoxic and hypoxic conditions for 24 and 48 hours. As shown in Figure 8B , after 24 hours of hypoxia ABCA1 protein levels were similar in macrophages incubated under normoxic and hypoxic conditions, but after 48 hours, ABCA1 protein levels were decreased by 65%. This was not due to general cell toxicity based on no differences in the release of lactate dehydrogenase or uptake of the dye 7AAD in BMDM incubated for 48 hours in either normoxia or hypoxia (data not shown). Assuming decreased ABCA1 function (Figures 4 and 6 ) occurs in vivo in hypoxic areas, the loss of ABCA1 protein would further compromise the capacity for cholesterol efflux from hypoxic plaque macrophages.
Discussion
Though hypoxic areas in atherosclerotic plaques have been found in humans and in animal models as small as the rabbit, the role of hypoxia in murine atherosclerosis has been controversial. On the one hand, the dimensions of mouse plaques are often within the diffusion distance for oxygen to penetrate from the lumen or the vasa vasorum. Nevertheless, plaque neovessels, presumably formed in response to hypoxia, have been demonstrated. 39 In addition, a recent report showed increased uptake into large mouse plaques of a positron emission tomographic compound, [18F]EF5, a tracer designed for the detection of hypoxia in vivo. 40 The present study supports the existence of hypoxia in murine plaques by demonstrating in them the presence of HIF-1␣ and an increase in the expression of HIF-1␣ targets. Furthermore, the results showed that hypoxia had a major effect on macrophage lipid metabolism and that HIF-1␣ was a participant in promoting changes that would favor foam cell formation.
The effects of hypoxia on macrophage lipid content were 2-fold. First, there was an increased level of cellular triglyceride, a relatively neglected (compared with cholesteryl ester), but significant fraction of foam cell lipids in vivo. 41 Triglyceride accumulation was previously noted in human macrophages rendered hypoxic. 42 Second, under normoglycemic conditions, macrophages incubated in hypoxic conditions accumulated free endogenous sterol and exogenous cholesterol. Increased free cholesterol has been shown to promote ER stress and subsequent apoptosis in macrophages. 43 Whether endogenous desmosterol in J774 cells would also contribute to an ER-stress response remains to be determined. Under the conditions in vivo, however, in which Figure 6 . Bone marrow-derived macrophages (BMDM) show altered cholesterol metabolism under hypoxic conditions. A through F, BMDM cells from apoEϪ/Ϫ mice were incubated under hypoxic conditions (1% O 2 ) for 24 hours. Shown are the resulting levels of total cholesterol from cells that were nonloaded (A) or loaded with cholesterol-cyclodextrin complexes (B). C, The percentage of total cholesterol that was cholesteryl ester was decreased in BMDM loaded with cholesterol under hypoxic conditions. D, BMDM also showed elevated triglycerides under hypoxic conditions. E, BMDM cells were used to measure free cholesterol efflux to apoAI, which is the acceptor for ABCA-1, under normoxic and hypoxic conditions. F, BMDM cells rendered hypoxic were stained for ABCA-1 using confocal microscopy and overlaid with phase contrast image using 63ϫ objective. Arrows indicate the plasma membrane boundary. Experiments were done twice in triplicate (A through E); statistical significance is indicated as *PϽ0.05, **PϽ0.01, and ***PϽ0.001. macrophage cholesterol is predominately derived from apoB lipoproteins, the greater accumulation of cholesterol from an exogenous source that we observed in hypoxia may not only contribute to foam cell formation, but may also underlie the increase in apoptosis found in hypoxic murine 44 and human 42 macrophages in vitro and those deep in plaques, particularly near necrotic cores (reviewed in Reference 45). 45 There were 3 components of sterol metabolism perturbed by hypoxia. The first was the dependence on HMGCoA reductase, with evidence of increased activity at the biosynthetic and mRNA levels. The latter finding is consistent with a recent report that the HMGCoA reductase gene is a HIF-1␣ target 46 and that its promoter contains putative HIF-1-responsive elements. The second component was uncovered by the cholesterol loading of hypoxic and normoxic macrophages in vitro to simulate the environment of plaque macrophages and foam cells, which are chronically exposed to LDL and other atherogenic lipoproteins. As summarized in Results, choles- Figure 7 . Hypoxic regions of atherosclerotic plaques show a gene expression pattern similar to those in macrophages incubated under hypoxic conditions. ApoEϪ/Ϫ mice were fed the Western diet for 16 weeks and aortic root sections were prepared for laser capture microdissection. Samples were isolated from normoxic and hypoxic regions (positive for both VEGF and GLUT-1 staining; Online Methods). J774 macrophages and BMDM were exposed to hypoxia in vitro for 24 hours. RNA was isolated from laser-captured samples and cultured macrophages, and mRNA abundances was measured using quantitative RT-PCR with resulted normalized to Cyclophilin A. Note that the graphs for ABCA-1 and HMGCoA reductase are repeated from Figure 4B and 3B, respectively. Statistical significance is indicated as *PϽ0.05 and **PϽ0.01. The in vitro experiments were performed 3 times in triplicate and the LCM samples were isolated from 6 animals.
terol loading to Ϸ3ϫ of the level under normoxia, which would be expected to result in the formation of a large amount of cholesteryl esters (CE), 47 instead resulted primarily in elevated free cholesterol in hypoxic macrophages. Initially surprising, these data are consistent with the findings reviewed by Tabas 48, 49 in which lipid assays of various stages of human and animal atheromata revealed progressive increases in free cholesterol content as the plaques became more advanced, and presumably the macrophages in necrotic cores became more hypoxic. Whether the lack of the expected esterification of cholesterol ( Figure 2D) represented an effect of hypoxia on acetyl-coenzyme A acetyltransferase (ACAT) (through, for example, ER-stress) or on the trafficking of free sterol to ACAT (as part of other trafficking defects; see below), remains to be determined, although the level of ACAT mRNA was not affected (data not shown).
The third component of sterol metabolism affected by hypoxia was cholesterol efflux to ABCA1. Indeed, hypoxia severely reduced ABCA1 mediated cholesterol efflux, which would be expected to contribute to the increased cellular cholesterol content. Decreased ABCA1 function was associated, in vitro, with an acute subcellular redistribution of ABCA1 protein, and with prolonged hypoxia, decreased recovery of protein in vitro and in vivo. Whether macrophage ABCA1 undergoes both changes-first redistribution, then downregulation-in a hypoxic plaque environment is not known, though with the prolonged period of hypoxia expected in vivo, this would certainly be possible.
There are a number of potential explanations for the effects of hypoxia on macrophage ABCA1. Regarding the redistribution finding, it has been shown that hypoxia modulates the vesicular trafficking of proteins from the trans-Golgi network to plasma membranes in a Rab-associated process (Rab 11; see Reference 50). 50 ABCA1 recycling between the plasma membrane and the endosomal compartment 51,52 also involves at least 1 Rab (Rab 8; see Reference 53), 53 whose function or level may be reduced under hypoxic conditions. ABCA1 may also misfold in hypoxia and be directed to degradation by the unfolded protein/ER-stress response, consistent with the increases observed in the mRNA for the ER-stress marker CHOP both in vivo and in vitro.
It should be noted that Bostrom et al 42 found, as we did, that in hypoxic macrophages triglycerides accumulated. In contrast, they did not observe cholesterol accumulation or enhanced cholesterol loading. The differences between this and the present study may be due to species variation, or more likely in the glucose concentrations of the media. The glucose concentration of the medium used by Bostrom et al was 3.2 g/L (ie, 18 mmol/L), which is near the concentration of our hyperglycemic condition (25 mmol/L). As presented in Results, hypoxic effects on macrophage sterol metabolism were lower in cells grown in high glucose, consistent with hyperglycemia blunting the hypoxic accumulation of HIF-1␣. 25, 26, 28 An important issue to consider is whether the hypoxic effects on macrophage lipid metabolism were mediated by HIF-1␣. In support of a direct connection, as noted earlier, the promoter of HMGCoA reductase has putative HIF-1 binding sites. There is also the recent study 54 in which siRNA for HIF-1␣ inhibited foam cell formation in response to loading human U937 macrophages with oxidized LDL. More to the point are the data from the HIF-1␣ overexpression and underexpression studies presented in Figure 5 , which provide strong experimental support for an integral and direct role for HIF-1␣ in promoting many of the changes in lipid metabolism in hypoxic macrophages.
Although we have emphasized the effects of hypoxia on lipid metabolism, it probably is regulating additional processes in plaques. Findings to support this possibility include the co-overexpression of markers of hypoxia and inflammation in human carotid plaques, 55 as well as the association between stabilized HIF-1␣ and an inflammatory plaque phenotype, 18 angiogenesis 56,57 and plaque hemorrhage. 57 We have previously shown that under certain conditions, plaque macrophages can emigrate in a process requiring the chemokine receptor CCR7. 58 Finding lower CCR7 mRNA levels in laser-captured cells from the plaque hypoxic regions (data not shown) suggests that hypoxia may promote the retention of macrophages in necrotic cores by regulating their chemotactic ability. It should be noted that despite the predominately proatherogenic effects of hypoxia on various aspects of arterial biology, enhancement by HIF-1␣, or its target genes, of smooth muscle cell proliferation and migration 59, 60 may, in fact, be protective by current concepts, thereby raising the interesting possibility that HIF-1␣ has the potential to ameliorate some of its deleterious effects in plaques.
In summary, hypoxia has been postulated as an important contributor to the progression of human and murine atherosclerosis, particularly based on studies of patients or mice with intermittent hypoxia. 6, 7 The understanding of molecular effects of hypoxia on macrophage biology relevant to atherosclerosis, however, is relatively limited. To our knowledge, the present report represents the first direct demonstration of stabilized HIF-1␣ and the increased expression of its downstream targets in murine atherosclerotic plaques. Addition- ally, we show that HIF-1␣ is an important mediator of the effects of hypoxia on murine macrophage lipid metabolism and promotes changes expected to be adverse.
